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The Protease of Herpes Simplex Virus Type 1 Is Essential
for Functional Capsid Formation and Viral Growth
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The herpes simplex virus type 1 protease and related proteins are involved in the assembly of viral capsids.
The protease encoded by the UL26 gene can process itself and its substrate ICP35, encoded by the UL26.5 gene.
To better understand the functions of the protease in infected cells, we have isolated a complementing cell line
(BMS-MG22) and constructed and characterized a null UL26 mutant virus, mlOO. The mutant virus failed to
grow on Vero cells and required a complementing cell line for its propagation, confirming that the UL26 gene
product is essential for viral growth. Phenotypic analysis of mlOO shows that (i) normal amounts of the c and
d forms of ICP35 were produced, but they failed to be processed to the cleaved forms, e and f; (ii) viral DNA
replication of the mutant proceeded at near wild-type levels, but DNA was not processed to unit length or
encapsidated; (iii) capsid structures were observed in thin sections of mlOO-infected Vero cells by electron
microscopy, but assembly of VP5 into hexons of the capsid structure was conformationally altered; and (iv)
nuclear localizations of the protease and ICP35 are independent of each other, and the function(s) of Na, at
least in part, is to direct the catalytic domain N. to the nucleus.

Herpes simplex virus type 1 (HSV-1) is an enveloped
double-stranded DNA virus. Viral DNA is synthesized as
concatemers in the nucleus of infected cells and processed into
unit-length molecules, presumably at the time of encapsidation
(16, 21). Three major types of capsids can be isolated from
HSV-1-infected cells (12). They are designated A, B, and C, in
order of increasing sedimentation distance in sucrose gradi-
ents. Type C capsids contain the viral genome and are able to
mature into infectious virions. Type A and B capsids lack DNA
and are found in the infected cell nucleus. Type A capsids are
very similar to type C capsids in protein composition, while
type B capsids differ in that they contain an additional polypep-
tide, ICP35 (infected cell protein 35), occupying the inner
capsid space (1, 3, 16, 38). ICP35, also called VP22a or p40,
comprises a family of proteins designated ICP35a through
ICP35f (12-14). All forms of ICP35 can be detected by
Western blots (immunoblots) of infected cell lysates, but only
ICP35 forms e and f (ICP35ef) are present in B capsids (1, 29,
38). The abundance of ICP35 in B capsids (15 to 20% of the
B-capsid protein) (12, 29, 30) and its absence from capsids
after DNA encapsidation are analogous to what is observed
with the scaffold protein of double-stranded DNA bacterio-
phage (4).
The capsid of HSV-1 is an icosahedral protein shell and is

composed of 150 hexons and 12 pentons. In addition to ICP35
(VP22a), six other major proteins have been identified in B
capsids: VP5, VP19C, VP21 (Nb), VP23, VP24 (N0,), and
VP26. The capsid contains 960 copies of the major capsid
protein, VP5, which is the structural subunit of both the hexons
and the pentons of the capsomers (1, 31, 39, 44). There are
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approximately 1,100 molecules of ICP35 per capsid but only
approximately 100 molecules of N. and Nb per capsid (29, 30).
A temperature-sensitive (ts) mutant, tsl201, in which pro-

cessing of ICP35cd to ICP35ef is dramatically reduced at the
nonpermissive temperature (NPT), has been described (35).
Although capsid structures were observed in mutant-infected
cell lysates, the mutant failed to encapsidate viral DNA.
Marker rescue experiments indicated that the lesions of tsl201
are located very near the N terminus of UL26 (36). The UL26
region of the HSV-1 genome is transcribed into two mRNAs
which coterminate at the 3' end but have different 5' ends (15,
22, 27). The larger mRNA, the transcript of the UL26 gene,
encodes 635 amino acids, while the smaller transcript (the
UL26.5 gene) encodes 329 amino acids of ICP35, initiating at
a methionine residue which corresponds to residue 307 of the
UL26 coding region (22). Thus, the two proteins have identical
sequences at the C-terminal 329 amino acids of the open
reading frame. Genetic and functional analyses clearly dem-
onstrated that the UL26 gene encodes a protease (Pra) that
cleaves ICP35, the product of the UL26.5 gene (23-25) (Fig.
1). In transient transfection and Escherichia coli expression
systems, the plasmid encoding Pra, the full-length protease,
could specifically cleave ICP35 between Ala and Ser, 25 amino
acids from its C terminus (5, 23-25, 36). Autoproteolysis of Pra
also occurred at a site identical to this, since the sequence is
the same as that found in ICP35. Another conserved autopro-
teolysis site was identified in the homologous protease gene
product of cytomegalovirus, and cleavage at this site releases
the catalytic domain of the protease (47). Both autocleavage
site sequences are conserved in all known herpesviruses, and
for HSV-1, the autoproteolysis occurs between residues 247
(Ala) and 248 (Ser) to generate Na and N0, (VP24) and
between residues 610 (Ala) and 611 (Ser) (8, 23-25) (Fig. IA).
These sites have been called release and maturation sites,
respectively (45). Direct amino acid sequence analysis with
gel-isolated capsid proteins and an E. coli expression system

3702



HSV-1 PROTEASE MUTANT VIRUS 3703

A.

Pra

Prb

No
1 247

NaEm

V

610

V

Nb

ICP35 cd

ICP35 ef

B.

EcoNI
'Ii

S

B M
I

610

307 635

307 610

B P B
IlI

E

Pstl

N

U)t

...............................

m o________________ mlOO

FIG. 1. (A) Polypeptide products of UL26 and UL26.5 open reading frames. The HSV-1 protease (Pra); substrate (ICP35cd); and cleavage
products Prb, No (VP24), Na, Nb (VP21), and ICP35ef (VP22a) are described in the text. The sites of cleavage of Pra and ICP35cd are indicated
by arrowheads. The UL26 amino acid residues at the N and C termini of each protein are indicated. (B) The UL26 and UL26.5 open reading
frames of HSV-1 wt and mutant mlOO genomes. The plasmid pRB4057 containing the UL26 and UL26.5 genes (EcoNI-PstI fragment) was kindly
provided by B. Roizman (23). Restriction enzyme sites are shown on the top line. B, BamHI; S, SphI; N, NheI; P, PstI; E, Eco47; M, MscI.

confirmed that Nb originates within Pra, beginning at residue
248 (8, 32). The cytomegalovirus protease, in addition to
cleaving its substrate, a counterpart of ICP35, and autopro-
cessing at the N-terminal release site and C-terminal matura-
tion site, can also cleave its proteolytic domain, causing
inactivation of the enzyme (2, 46). This site is not conserved in
the HSV-1 protease, and cleavage of the catalytic domain (Nt,)
has not been observed. The precise role of the proteolytic and
autoproteolytic processing of the protease during capsid as-
sembly and maturation of the virion is unknown.
Although the role(s) of capsid proteins in assembly is not

well understood, the ability to isolate viral mutants has allowed
detailed analysis of the functions of some of these proteins (7,
33, 36, 48). ts mutants of VP5 and VP19c (33, 48), as well as
null mutants of VP5 and VP23 (7), result in the absence of
capsid structures under nonpermissive conditions. The
amounts of viral DNA replicated in cells infected with these
mutant viruses are comparable to those in wild-type (wt)-
infected cells, but viral DNA is not processed into unit-length
size from concatemers.
We recently used an E. coli coexpression system to charac-

terize plasmids containing UL26 and UL26.5 genes having
truncations and cleavage site lesions (26, 45). To test the
biological effects of these and other UL26 mutations in the

context of HSV-1 infection, we propose to introduce these
mutations back to the viral genome. In this paper, we report
the isolation and characterization of HSV-1 protease-comple-
menting cell lines and the construction of a protease mutant
mlOO virus.

MATERIALS AND METHODS

Cells and viruses. BHK21 clone 13 cells were grown and
maintained as described by Preston et al. (36). Vero cells were
grown and maintained as described previously (18). The
growth medium for the neomycin-resistant cell lines BMS-
MG22 and X4 (see below) included 250 pg of the antibiotic
G418 per ml.
The HSV-1 wt strain KOS1.1 and the HSV-2 wt strain 186

were propagated and assayed as described previously (18, 20).
The mutant viruses tsProt.A and mlOO were grown in the
protease-expressing BMS-MG22 cell line.

Plasmids. The plasmid pRB4057 of HSV-1 strain F was
kindly provided by B. Roizman (University of Chicago). The
protease and ICP35 specified by pRB4057 carrying the wt
EcoNI-Kpnl fragment are located between 0.325 and 0.55 map
units (23). Plasmid pmlOO was derived from pRB4057 by the
deletion of a 91-bp Eco47III-MscI fragment. pM307L was also
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derived from pRB4O57 by changing CCCATGAAC (Pro-Met-
Asn) to CCTlTTAAAC (Pro-Leu-Asn) by standard PCR tech-
niques. Therefore, pM307L encodes the HSV-1 protease with
the Met-to-Leu change at residue 307 (M307L). Since residue
307 (Met) of the protease is also the start codon for ICP35, the
mutation should eliminate the synthesis or translation of
ICP35. In addition to the desired base substitution for the
M307L change, the silent mutation also generated a unique
DraI site. Mutations in pM307L were confirmed by DNA
sequencing. Plasmid pRB4057ts was constructed as follows.
First, a PCR fragment containing the Y30F mutation was

generated by using the 5' primer 5'-TGTGGGTGCGCCCAT
GGCAGCCGAT-3' and the 3' primer 5'-CCGTATCCGG
ATCCAATGCCAACTCGCCCGAGTCCCCGCTGTCAAA
CAGG-3'; secondly, a PCR fragment containing the A48V
mutation was generated by using the 5' primer 5'-GGCATT
GGATCCCGGATAC GGTGCGGGCGGTCCTGCCTCCG
G-3' and the 3' primer 5'-CCGAGGGCAGGTAGTTGG
TGA-3'. After digestion of the first PCR product with NcoI-
BamHI and the second PCR product with BamnHI-SalI, these
two fragments were ligated into NcoI-SalI sites of pGST247
(9). To generate pRB4057ts, three fragments (a 508-bp BsaAI-
Sfil fragment containing ts mutations from pGST247, a

1,354-bp SfiI-Asp718 fragment of pRB4057, and a 4,338-bp
partial BsaAI-Asp7l8 digestion fragment of pRB4057) were

ligated. Mutations in pRB4057ts were confirmed by DNA
sequencing. pSVN,, was constructed by ligating the XbaI-KpnI
fragment (865 bp) of pT7247 (45) into pJ3Ql (28). pSVPra was

constructed by ligating the SacI-KpnI fragment of pRB4057,
containing the UL26 gene (22), into the SacI-KpnI sites of
pSVN0. Thus, expression of N,, and Pra is under the control of
the simian virus (SV40) early promoter.

Construction of tsProt. We (5, 8, 9, 26, 45) and others
(22-25) have performed studies with the HSV-1 protease and
its substrate ICP35 expressed from strain F. To maintain
consistency, we would like to construct a protease null mutant
of strain F. However, strain F itself is a ts mutant (19) and
cannot be used as our parental virus to construct the protease
null mutant. Preston et al. recently disclosed that two amino
acid substitutions in the protease of tsl201, Tyr to Phe at
residue 30 and Ala to Val at residue 48, were encoded by the
UL26 gene of ts1201 (HSV-1 strain 17) (35). Since the DNA
sequences of the UL26 gene and its flanking regions are highly
conserved among HSV-1 strains KOS, F, and 17 (10, 27), we

decided to introduce the lesions present in plasmid pRB4057,
derived from strain F, into the viral genome of the KOS1.1
strain and examine whether the mutant would produce the
same ts phenotype. After cotransfection of infectious wt
HSV-1 DNA and linearized plasmid, pRB4057ts, BHK cells
were maintained at 34°C for 12 h in an attempt to increase
recombination frequency and then shifted down to 31°C for an

additional 24 h. Putative recombinant viruses were identified
by their ability to grow only at the permissive temperature
(PT), 31°C, and not at the NPT, 39.5°C. Although several ts
mutants were identified, only two of them exhibited the ts-1201
phenotype previously described (36, 37). These two isolates,
named tsProt.A and tsProt.B, were isolated from independent
transfections.

Isolation of the protease-expressing cell lines. Vero cells
were transformed with the plasmids pRB4057 or pM307L and
pSVneo as described previously (6, 23, 42). G418-resistant
colonies were grown in cultures and screened for their ability
to complement the growth of tsProt.A at the NPT. The cell
clone BMS-MG22, derived from a culture transfected with
plasmid pM307L, yielded the highest level of complementation
(Table 1). X4 cells, derived from a culture transfected with

TABLE 1. Complementation of tsProt.A by BMS-MG22 cells

Titer (1() PFU/ml)"

Virus BMS-MG22 Vero

310C 39.5°C 31°C 39.5°C

KOS1.1 9.8 8.2 6.2 6.8
tsProt.A 14 11 8.4 0.008

" Plaque numbers were counted att 2 days p.i. for the 39.5°C assay and at 6 days
p.i. for the 31°C assay.

plasmid pRB4057, yielded lower levels of complementation of
tsProt.A at the NPT (results not shown).

Isolation of mutant mlOO virus. The fact that the mutant
tsProt.A exhibited a ts phenotype similar to that of tsl201 (35,
36) and could be complemented well in BMS-MG22 cells
would suggest that the HSV-1 proteases and their ICP35
substrates from different strains of HSV-1 may be functionally
equivalent. We therefore decided to introduce mutations in
our plasmids derived from strain F into the background of
strain KOS 1.1. A null mutant virus was constructed by cotrans-
fection of X4 cells with infectious KOS1.1 DNA and plasmid
pmlO0. The progeny viruses from the marker transfer were
tested for their ability to grow in X4, BMS-MG22, and Vero
cells. One of the more than 200 viruses tested could grow in
BMS-MG22 but was unable to grow in Vero cells. This virus
was designated ml 00.

Analysis of viral DNA and proteins. Viral DNA for marker
transfer was prepared as described previously (11). For South-
ern blot analysis (41), DNAs were prepared and analyzed
essentially as described by Shao et al. (40) from Vero or
BMS-MG22 cells infected with the wt virus or mlOO at a
multiplicity of infection (MOI) of 10 PFU per cell.

For Western blot analysis of infected cell lysates, cell
monolayer cultures were infected with KOS1.1 or mlOO virus
at an MOI of 10 and harvested as indicated bclow. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was performed as described previously (11, 45). The
proteins were transferred by electrophoresis to nitrocellulose
filters. Detection of immune complexes on blots by a Western
blot procedure involving a color reaction for alkaline phos-
phatase activity was conducted as specified by the manufac-
turer (Promega Biotec, Madison, Wis.). The anti-ICP35 mono-
clonal antibody (MAb) MCA406 (1:10,000 dilution; Serotec,
Oxford, England) was used to detect ICP35 and protease-
related products Pra, Prb, Na, and Nb.

Electron microscopy. Infected cells to be examined by
electron microscope were centrifuged into a small (0.3-ml)
pellet, fixed with 2.5% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.4) for 24 h at 4°C, and postfixed with 2% OS04 for
1 h at 24°C. Pellets were then washed with water, dehydrated
in graded concentrations of acetone, embedded in Epon 812,
and cut into sections (-70 nm thick) with a Richert Ultracut E
ultramicrotome. Sections were stained with a saturated solu-
tion of uranyl acetate in methanol (20 min at 60°C) and then
with 0.25% lead citrate (2 min at 24°C) and examined with a
JEOL IOOCX transmission electron microscope operated at 80
keV.

Indirect immunofluorescence. Indirect immunofluorescence
was performed as described previously (11). Antibodies em-
ployed were the anti-ICP35 MAb MCA406 (1:50 dilution), the
anti-N,, polyclonal antiserum N-term rAb (1:150 dilution) (45),
the anti-VP5 MAbs 8F5 (1:30 dilution) (43) and 3B (1:100
dilution) (43), and rhodamine-conjugated goat anti-mouse
antibody (1:100 dilution).
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RESULTS

Isolation of protease-complementing cell line. Genetic anal-
ysis of UL26 and UL26.5 mutants clearly defined the catalytic
domain of the protease and cleavage sites in the protease and
its substrate ICP35 (8, 23, 37). Our overall objective is to
determine what role the protease and proteolytic processing
play during capsid assembly by characterizing HSV-1 mutant
viruses containing defined mutations in the UL26 gene. It was
expected that many protease mutants would have a lethal
phenotype. To propagate such mutants, we therefore felt that
it was important to isolate protease-complementing cell lines.
To facilitate isolation of these complementing cell lines, we

constructed the HSV-l protease ts mutant, tsProt. Two iso-
lates, tsProt.A and tsProt.B, were found to be the same as that
described by Preston et al. (36, 37). The mutant virus grew at
31°C but not at 39.5°C (Table 1). Processing of ICP35,
examined by Western blot analysis, indicated that conversion
of ICP35cd to ICP35ef in ts mutant-infected Vero cells at the
NPT was dramatically reduced in comparison with that in
wt-infected cells. This difference was not seen at the PT (data
not shown). Further analyses were performed with tsProt.A.
We then used tsProt.A to screen cell lines for their ability to

complement the growth of the ts virus at the NPT. The cell line
BMS-MG22, derived from cultures transfected with a plasmid,
pM307L, encoding only HSV-1 protease, yielded the highest
level of complementation (Table 1). X4 cells, derived from a
culture transfected with a plasmid, pRB4057, encoding both
protease and ICP35, yielded a lower level of complementation
and smaller plaques than did BMS-MG22 cells at the NPT
(results not shown). KOS1.1 formed plaques on all cell lines.
Both BMS-MG22 and X4 cells were derived from a single cell
colony and were chosen for further use.
Complementation of tsProt.A in trans. We examined the

ability of the catalytic domain (Nt,) of the protease expressed
from a transfected plasmid to complement the growth of
tsProt.A at the NPT. Vero cells were transfected with control
DNA, the wt protease plasmid, or mutant plasmids. After 16 h
posttransfection, cells were infected with tsProt.A and allowed
to undergo a cycle of infection at the NPT. Virus yield was
measured by plaque assay on BMS-MG22 cells to determine
complementation (Table 2). As expected, the wt protease
expressed from the UL26 gene under its own promoter
(pRB4057) or the SV40 early gene promoter (SVPra) comple-
mented the growth of tsProt.A. The protease with a Met-to-
Leu change at residue 307 (pM307L) also complemented
growth of tsProt.A. However, the 247-amino-acid proteolytic
domain of the protease (pSVN,,) failed to provide complemen-
tation, suggesting that Na, the C-terminal 388-amino-acid
domain of the protease, has some functions required for viral
growth.

Isolation of the protease mutant mlOO virus. Because the
BMS-MG22 cell line efficiently complemented the growth of
tsProt.A at the NPT, we expected that it would serve as an
efficient host for the isolation of HSV-1 protease mutant
viruses.
The protease mutant plasmid, pmlOO, was constructed by

deletion of a 91-bp Eco47III-MscI fragment of the UL26
coding region (Fig. IB), which did not alter the expression of
ICP35. Thus, pmlOO encodes only the first 100 amino acid
residues of the protease. The mutation in pmlOO was trans-
ferred into the wt HSV-1 KOSlI.1 genome by marker transfer.
Over 200 plaques resulting from cotransfection of X4 cells
were tested for their ability to grow on BMS-MG22 or X4 cells
and not on Vero cells. One virus grew on BMS-MG22 and X4

TABLE 2. Ability of mutant protease plasmids to complement
HSV-1 tsProt.A

Plasmid E Virus yield Complemeintation
transfected" xpt no. (PFU/ml)' index"

pUC18 1 6.0 X 101 1
2 8.0X l0' 1

pRB4057 (wt) 1 3.4 x 104 567
3.4 x 105 425(0

SVPra (wt) 1 1.8 X 104 300
2 2.0 x 105 2,5t)0

pM307L 1 2.4 x 104 400
2 1.6 x 10i 2,00)0

SVN,, 1 1.6 X 102 2.7
2 2.0 x 103 25

"Vero cells were triansfected with the plasmids indicated. At 2t) h posttrans-
fection. the cells were infected with 3 PFU of tsProt.A per cell and incubated for
a further 22 h at 39.5°C before being harvested.
"Determined by plaque assay with BMS-MG22 cells at 39.5'C.
'*Expressed as virus yield relative to that for cells transfected with pUCl8

DNA.

but not on Vero cells. The mutant was plaque purified three
times and designated mlOO.
The recombinant viral genome was examined by Southern

blot analysis to confirm that the appropriate mutation in mi 100
was a result of marker transfer from the UL26 gene plasmid
pmlOO. Total viral DNA isolated from mlOO-infected Vero
cells was digested with BamHI, separated by agarose gel
electrophoresis, and transferred to a nylon filter. The filter was
hybridized with a gel-isolated fragment containing the wt UL26
gene as a probe (Fig. 2). wt HSV-1 DNA contains four
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-1.9
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FIG. 2. Southern blot analysis of KOSl.I and mnlOO genomes.
Purified viral KOS1.1 (lane 1) and miI00 (lane 2) DNAs were digested
with BamHI and subjected to electrophoresis in parallel with BamHI-
digested plasmid pRB4057 (lane 3) and pmlo)( (lane 4). Digested
DNAs were separated on an 0.8% agarose gel, blotted onto a nylon
membrane, and hybridized to a 32P-labeled, gel-isolated N1hel-SphlI
fragment of pRB4057. The locations of molecular size markers are
shown on the right. G, U, d'. and e', BamnHI-G, -U, -d', and -e',
fragments, respectively.
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TABLE 3. Growth of mutant mlOO virus

Titer (PFU/ml)" Ratio
Virus Vero BMS-MG22 (Vero/MG22)

wt 6.2 x I0" 8.2 x I0 0.76
mlOO <2 x 103 2.2 x 108 <9.1 x 10-6

" Titers of viral stocks were determined by plaque assay with the cell lines
indicated, and plaques were counted 2 days p.i.

hybridizing fragments, BamHI-G, -U, -d' (863-bp) and -e'
(797-bp) fragments (Fig. 2, lane 1). Identical BamHI-d' and -e'
fragments were also detected in BamHI-digested plasmid
pRB4057 (Fig. 2, lane 3). In contrast, the mlOO DNA con-
tained a new fragment of 772 bp because of the 91-bp deletion.
This 772-bp new fragment overlapped with the 797-bp frag-
ment (Fig. 2, lane 2). This deletion was also observed in
BamHI-digested plasmid pmlOO (Fig. 2, lane 4), which was
used for marker transfer to construct the mutant mlOO virus.
Thus, we conclude that the intended mutation has been
introduced into the mlOO genome.

Phenotype of mlOO. (i) Growth properties. Plaque assays
were performed to determine whether the mutant mlOO was
able to grow in Vero cells. As expected, mlOO was unable to
form plaques on Vero cells at the lowest dilution (Table 3) but
efficiently formed plaques on BMS-MG22 cells. The plaque
size and the plating efficiency of mlOO on X4 cells were
reduced in comparison with those on BMS-MG22 cells (results
not shown). Because the UL26 gene is the only known intact
viral gene resident in the BMS-MG22 cell line, the lethal
defect of mlOO is most likely complemented in trans by the
protease expressed from the cell line.

(ii) The protease and ICP35 expressed by mlOO. The viral
mutant mlOO was analyzed for expression of protease-related
polypeptides. Vero, BMS-MG22, or X4 cells were either mock
infected or infected with virus, and cell extracts were prepared
at 9 h postinfection (p.i.). Cell extracts were separated by
SDS-PAGE and analyzed by Western blotting (Fig. 3). Be-
cause ICP35 has amino acid sequence identical with the
C-terminal domain of the protease (23, 27), MAb MCA406
reacted with both ICP35cd and ICP35ef and several of the
autoproteolytic products of the protease (Pra, Prb, Na, and
Nb) (Fig. 3, lanes 4, 5, and 7). No protease-related polypep-
tides were detected in mock-infected extract (Fig. 3, lane 1),

1 2 3 4 5 6 7 8

_...Pra
-Prb

-Na
-Nb _

_4 _I00 _- __ -ICP35 cd
_wanommow -ICP35 ef

FIG. 3. Western blot analysis of HSV-1 protease-related polypep-
tides in wt- or m 100-infected cells. Vero (lanes 4 and 6), BMS-MG22
(lanes 1, 2, 5, 7, and 8), and X4 (lane 3) cells were mock infected (lane
1) or infected with HSV-2 (lanes 2, 3, and 8), wt virus (lanes 4 and 5),
or mlOO (lanes 6 and 7). Total proteins were prepared at 9 h p.i.,
separated by SDS-PAGE, and transferred to a nitrocellulose filter. An
approximately fivefold amount of HSV-2-infected BMS-MG22 cell
extract was used for lane 8. The filter was probed with MAb MCA406,
specific for ICP35.

indicating that BMS-MG22 cells did not express protease-
related polypeptides constitutively. We were able to examine
the expression of protease-related polypeptides expressed
from BMS-MG22 and X4 cells after HSV-2 infection, since the
MCA406 antibody recognizes HSV-1 ICP35 but not HSV-2
ICP35 (45). The amount of protease produced by BMS-MG22
cells was barely detectable (Fig. 3, lane 2). However, the
production of the HSV-1 protease from BMS-MG22 cells was
clearly detected when an approximately fivefold amount of
HSV-2-infected cell extract was added for Western blotting
(Fig. 3, lane 8), and no HSV-1 ICP35 was produced. In
HSV-2-infected X4 cells, detectable amounts of ICP35cd were
produced and processed into ICP35ef. However, the expres-
sion of ICP35 from X4 cells was obviously at a lower level than
that from the wt virus (compare lanes 3 and 4 in Fig. 3). The
reason for this is, at least in part, due to viral DNA synthesis:
in the absence of viral DNA synthesis, the amounts of ICP35
were markedly reduced from the levels in wt-infected Vero
cells (results not shown). Normal amounts of ICP35cd were
produced in mlOO-infected Vero cells, but the proteins failed
to be processed to ICP35ef (Fig. 3, lane 6), confirming that the
deletion in mlOO virus does not alter ICP35 expression. The
protein migrating slightly faster than Nb in both wt- and
mlOO-infected cells is most likely a different form of ICP35cd
(3). ICP35cd was processed into ICP35ef by the protease
provided in trans from mlOO-infected BMS-MG22 cells (Fig. 3,
lane 7).

(iii) Analysis of viral DNA. We then examined the pheno-
type of mlOO with regard to the replication and processing of
viral DNA. Total viral DNA was isolated from mock-, wt-, or
mlOO-infected Vero or BMS-MG22 cells at 15 h p.i. Equal
amounts of DNA were digested with BamHI, separated on an
agarose gel, transferred to a nylon membrane, and hybridized
with 32P-labeled HSV-1 BamHI-K junction fragment (Fig.
4A). Near-wt amounts of mutant mlOO DNA (approximately
75% in this particular experiment) were detected in infected
Vero cells (Fig. 4A, compare lanes 2 and 4). Slightly smaller
amounts of mutant viral DNA synthesis were most likely due to
experimental sample differences, since amounts of total DNA
were judged by ethidium bromide staining. The 32P-labeled
BamHI-K junction fragment hybridized not only to the junc-
tion fragment BamHI-K but also to BamHI-S and -Q end
fragments, indicating that viral DNA was processed into the
unit-length molecules in wt-infected Vero cells (Fig. 4A, lane
2). However, in mlOO-infected Vero cells, no BamHI-S and -Q
end fragments were observed, indicating that mutant viral
DNA concatemers failed to be processed into unit-length
molecules (Fig. 4A, lane 4). This defect was resolved in
mIOO-infected complementing BMS-MG22 cells (Fig. 4A, lane
5). To confirm these results, DNase I-treated DNAs from wt-
and mlOO-infected cells were analyzed (Fig. 4B). DNase
I-resistant BamHI-K, -S, and -Q fragments were detected in
wt-infected Vero and BMS-MG22 cells, as well as in mlOO-
infected BMS-MG22 cells (Fig. 4B, lanes 1, 2, and 4). No viral
DNA was detected in mlOO-infected Vero cells (Fig. 4B, lane
3), suggesting that viral DNA concatemers of the mlOO mutant
were not encapsidated. From these experiments, we conclude
that the mutant viral DNA replication proceeded at near the
wt level but that DNA was not processed to the unit-length
molecules and was not encapsidated.

(iv) Electron microscopic studies. Thin sections of virus-
infected cells were examined by electron microscopy to deter-
mine whether mutant mlOO formed capsids when grown in
nonpermissive cells. Vero and BMS-MG22 cells were infected
with the wt virus or mlOO, harvested, fixed with 2.5% glutar-
aldehyde at 16 h p.i., and prepared for electron microscopy as
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FIG. 4. Ability of the mlO0 mutant to process viral DNA. Vero
cells or BMS-MG22 cells were mock infected or infected with wt
HSV-1 or mlO0, and total DNA (A) or DNase I-treated DNA (B) was

prepared at 16 h p.i. as described in Materials and Methods. Each
DNA sample was digested with BamHI, separated on a 0.8% agarose

gel, blotted onto a nylon membrane, and hybridized to a 32P-labeled
BamHI-K junction fragment. (A) Lanes: 1, mock-infected BMS-MG22
cells; 2, KOS-infected Vero cells; 3, KOS-infected BMS-MG22 cells; 4,
mlOO-infected Vero cells; 5, mlOO-infected BMS-MG22 cells. (B)
Lanes: 1, KOS-infected Vero cells; 2, KOS-infected BMS-MG22 cells;
3, mlOO-infected Vero cells, 4, mlOO-infected BMS-MG22 cells. The
locations of molecular size markers are shown at the left. K, Q, and S,
BamHI-K, -Q, and -S fragments, respectively. The probe used in the
hybridization experiments is diagrammed at the bottom.

described in Materials and Methods. Cells infected with wt
HSV-1 were found to contain the three expected capsid types,
A, B, and C, and virions (Fig. SA). Although type A capsids
were observed, they were not evident in the field shown in Fig.
5A. m 100-infected cells were also found to contain large
numbers of capsids, but all were of the electron-translucent
(B-capsid) type (Fig. 5B). No dense-cored capsids were ob-
served, indicating that viral DNA was not packaged in mlOO-

infected cells.
(v) Recognition of VP5 in mlOO-infected Vero cells. It was

recently reported that in the absence of the major capsid
protein VP5, no capsid structures were observed by either
electron microscopic or sucrose gradient sedimentation anal-
ysis (7). Since capsid structures were observed in m100-
infected Vero cells, we would assume that VP5 would be part
of the structures. Trus et al. showed that MAbs 8F5 and 3B
appeared to recognize different conformationally dependent
epitopes of VP5 in the B capsid (43). Results from cryoelec-
tron microscopy and three-dimensional image reconstruction
experiments indicated that MAbs 8F5 and 3B specifically bind
to hexons and pentons of B capsids, respectively (43). To
determine whether the failure to package viral DNA is due to
the formation of nonfunctional B capsids, we tested the ability
of these MAbs to recognize VP5 in mlOO-infected Vero cells.
Vero cells were infected with either mlOO or the wt virus at

an MOI of 20 PFU per cell and stained at 6 h p.i. with a VP5
MAb, 3B or 8F5. VP5 accumulated in the wt-infected cell
nucleus, as judged by reactivity with either MAb 8F5 or MAb
3B (Fig. 6B and E). MAb 3B showed similar nuclear staining
patterns of VP5 in wt-infected (Fig. 6E) and in mutant-infected
(Fig. 6F) cells, indicating that assembly of VP5 into pentons
was not affected in mlOO-infected Vero cells. The reduction of
the intensity of the staining of VP5 with MAb 3B is not
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significant and was not observed in other repeated experi-
ments. In contrast, MAb 8F5 recognized VP5 in wt-infected
cells (Fig. 6B) but reactivity in mutant-infected cells was
dramatically reduced (Fig. 6C), indicating that assembly of
VP5 into hexons was affected and VP5 may have an altered
conformation in mutant-infected cells. These findings sug-
gested that the protease is required for formation of functional
capsid structures.

Localization of HSV-1 protease-related proteins. Liu and
Roizman (25) reported that when coexpressed with ICP35 in
transfected cells, the N-terminal domain of the protease, N0,
had proteolytic activity and was able to process ICP35. It is
possible that the inability of No to complement the growth of
tsProt.A at the NPT (Table 2) is due to the fact that N0, could
not localize to the nucleus. It has been shown by immunoelec-
tron microscopy that ICP35 in tsl201-infected cells localized to
the nucleus (38). However, localization of the protease is
unknown, because the antibody used recognized the C-termi-
nal 329 residues of the protease, which are identical to ICP35.
To determine whether the protease and ICP35 localize in the
nucleus, we first examined the localization of ICP35 in mlOO-
infected Vero cells. ICP35 localized to the nucleus in the
absence of the protease in mlOO-infected cells (Fig. 7A). To
determine whether the protease and ICP35 can accumulate in
the nucleus independently of each other and other viral
proteins, we also examined the cellular distributions of wt and
mutant proteases and ICP35 expressed in transfected cells
under the control of the SV40 early promoter. Our results
showed that ICP35 accumulated exclusively in the nucleus
(Fig. 7B) and the protease (Pra) localized predominantly in the
nucleus (Fig. 7C), indicating that the two proteins could
localize into the nucleus independently of each other. The
proteolytic domain of the protease (N0), in contrast to Pra,
showed approximately equal intensities for both cytoplasmic
and nuclear staining (Fig. 7D). We therefore conclude that the
function of the Na domain of the protease, at least in part, is
to direct the catalytic domain, N0, of the protease to the
nucleus.

DISCUSSION

In this report, we describe the reconstruction of HSV-1
tsProt.A and show how it was used for the isolation of
permissive BMS-MG22 and X4 cell lines. An HSV-1 protease
mutant, mlOO, was isolated and propagated in these cell lines.
Processing of the protease and its substrate ICP35 was exam-
ined by Western blot analysis with a specific MAb. In addition,
indirect immunofluorescence was used to study the nature of
the capsids formed.
Complementation of the growth of tsProt.A and mlOO on

BMS-MG22 cells indicated that the protease with a Met-to-
Leu amino acid change at residue 307 retained all of the
functional activity of the wt protease. The growth of ml 00 virus
on a complementing cell line and its failure to grow on Vero
cells confirmed that the HSV-1 protease is essential for viral
growth in tissue culture. The requirement of the protease to
support viral growth could be due to its ability to process
ICP35. It is possible that processing of ICP35 is required for
alteration of capsid conformation and allows DNA packaging
to follow. Autoprocessing at the N-terminal site may serve to
release the catalytic domain and enable it to exert its function
during capsid formation. Self-cleavage at the C-terminal mat-
uration site of the protease could be simply due to the fact that
the protease shares identical amino acid sequence with ICP35
and may not necessarily have any biological relevance. Alter-
natively, the reason for the protease being essential for viral
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FIG. 5. Electron micrographs of thin sections of wt- and m 100-infected cells. Vero cells were infected with the wt virus or m 100 at an MOI of
10 PFU per cell. Cells were fixed and prepared at 16 h p.i. as described in Materials and Methods. (A) wt-infected Vero cells. Type B and C capsids
and virions are labeled. (B) m 100-infected Vero cells. Magnification, x 106,000.

growth could be that the catalytic domain (N0,) and Nb
function structurally as part of capsids. In this case, both
proteolytic processing and proteolytic products of the protease
are essential for viral growth. Complementation of the growth
of the mlOO mutant by N- and/or C-terminal release site
mutants will address some of these questions.
The absence of protease gene products in m 100-infected cell

lysates was confirmed by Western blot analysis with a MAb
specific for ICP35. It was not surprising that mlOO, like other
capsid protein mutants (7, 33, 36, 48), exhibited a wt phenotype
for the amount of viral DNA replication under the nonpermis-
sive condition. However, the replicated DNA in mlOO-infected
Vero cells was not processed into unit-length molecules from
concatemers. In addition to mlOO, other mutants with muta-
tions in capsid genes specifying VP5, VP19c, and VP23 also
failed to process concatemers to unit-length molecules (7, 33,
48). The fact that all of these proteins are involved in the
assembly of capsid structures would suggest that the assembly
of functional capsids is required for the processing of viral
DNA. It has been reported recently that the UL15 gene
product may be involved in viral DNA packaging (34) and that
the alkaline nuclease is involved in the egress of capsids
formed in the nucleus into the cytoplasm (40). In both cases,
normal capsid structures were observed (34, 40).

Large aggregations of empty capsid structures were ob-
served by electron microscopy in mlOO-infected Vero cells.
Similar results were also observed in tsl201-infected cells at

the NPT (36). In addition, like tsl201, ICP35cd was not
processed into ICP35ef in mlOO-infected cells. However, un-
like tsl201, mlOO virus fails to generate any form of the
protease. Western analysis of fractions from sucrose gradient
sedimentation of mlOO-infected cell lysates indicated that
unprocessed ICP35cd was present in the capsid structures, but
only a small portion of the capsids containing ICP35 migrated
into the gradient positions where wt capsids sedimented (10).
These results suggest that ml 00 capsid structures may not be as
stable as wt capsids. However, it is not yet clear whether this
apparent instability is due to unprocessed ICP35cd in the
capsid structure or to the lack of N0, and Nb.

Failure of the proteolytic domain N0, itself to localize into
the nucleus demonstrated that at least one function of Na is to
cause No to be found in the nucleus. The SV40 T antigen
contains one of the best-defined nuclear localization signals
(NLS), a highly basic sequence of amino acids (Pro-Lys-Lys-
Lys-Arg-Lys-Val) (17). A region of basic amino acids (Gly-Lys-
Arg-Arg-Arg-Tyr) has been located in the middle of the ICP35
polypeptide. This putative NLS is also shared by the protease
in residues 425 to 430. It would be interesting to determine
whether the nuclear localization and biologic functions of Pra
can be restored when the NLS of the SV40 T antigen or the
putative NLS of ICP35 is inserted into N,. However, we do not
think this could be the only reason why N. does not comple-
ment the growth of tsProt.A. Partial nuclear localization of N0,
(Fig. 7) and the ability to process ICP35 (25) suggested that the

FIG. 6. Recognition of VP5 in mlOO-infected Vero cells. Vero cells were either mock infected (A and D) or infected with KOS l.1 (B and E)
or mlOO (C and F) and processed for indirect immunofluorescence at 6 h p.i. Cells were fixed, permeabilized, and incubated with anti-VP5 MAbs
8F5 (A, B, and C) and 3B (D, E, and F).
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FIG. 7. Subcellular distribution of HSV-1 protease-related proteins. Vero cells were infected with mlOO (A) and processed for indirect
immunofluorescence at 6 h p.i. or transfected with pSVICP35 (B), pSVPra (C), or pSVN. (D) and processed for indirect immunofluorescence at
18 h posttransfection. Cells were fixed, permeabilized, and incubated with anti-ICP35 MAb MCA406 (A and B) or anti-N. polyclonal antiserum
N-term rAb (C and D).

processing of ICP35 is not sufficient to support viral growth
and that Na may have other functions in addition to directing
No to the nucleus.
One possible function of Na is to interact with other proteins

during the formation of capsids. Because the major portion of
the Na amino acid sequence (residues 388 to 635) is identical
to ICP35, Na may interact with the same proteins as ICP35.
Alternatively, Na may have a conformation different from that
of ICP35 prior to its release from the full-length protease and
may therefore interact with proteins different from those with
which ICP35 interacts.
The nuclear localization of the protease (Pra) observed in

this study raised an interesting question regarding why No is
not released into the cytoplasm by autoproteolysis of Pra. Our
results strongly suggest that the N-terminal release site of Pra
is protected from autoproteolysis when synthesized in the
cytoplasm. Several possible explanations for this observation
exist. One possibility is that Pra is rapidly transported into the
nucleus prior to its autoproteolysis. Another possibility is that
the cleavage sites, at least the N-terminal release site, are

protected by the formation of a complex between the protease

and other viral or cellular proteins. If this is the case, cellular
proteins are most likely involved in the formation of the
complex because, in transfected cells, Pra is the only viral
protein present. Alternatively, the protection of Pra from
autoproteolysis can be due simply to a different conformation
of Pra when produced in the cytoplasm. For example, the
N-terminal release site of Pra may not be exposed for cleavage
in the cytoplasm. Finally, perhaps cleavage at the N terminus
may not occur in cis and the Pra concentration in the cytoplasm
may not be high enough for trans cleavage to occur.
Assembly of VP5 into the hexons of capsid structures may be

altered in mlOO-infected cells, since reactivity of VP5 with
MAb 8F5 was dramatically reduced. The protein epitope of
MAb 8F5 is abundant in B capsids (960 copies) and was
mapped to the distal tips of the hexon protrusions (43). It is
conceivable that other parts of the hexons forming the basic
matrix of the capsid shell may interact with the processed form
of ICP35, ICP35ef, and, because of a conformational change,
cannot be recognized on interaction with the unprocessed
form, ICP35cd. Another MAb, SC, which binds specifically to
hexons but at a site that is quite different from that of the MAb
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8F5 epitope (43), also reacted with VP5 only from wt-infected
and not from mlOO-infected Vero cells (10). However, a third
MAb (3B) reacts with VP5 from both wt- and mlOO-infected
Vero cells. The epitope of MAb 3B is present at 60 copies per
B capsid and was located at the outer rim of pentons (43). The
epitope with which MAb 3B reacts may be located in a region
of VP5 that does not undergo conformational change during
maturation. The difference in antibody reactivities provides
evidence that the protease ultimately affects assembly of capsid
structures by influencing the conformation of VP5. Since VP5
accounts for about 60 to 70% of the mass of the surface shell
(39, 44), a set of MAbs specific for VP5 (43) will provide useful
means to study assembly of capsid structures.
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